Study Design. A retrospective study. Objective. The aim of this study was to investigate the correlation between pelvic incidence (PI) and lumbar lordosis (LL) mismatch and knee flexion during standing in patients with lumbar degenerative diseases and to examine the effects of surgical correction of the PI-LL mismatch on knee flexion. Summary of Background Data. Only several studies focused on knee flexion as a compensatory mechanism of the PI-LL mismatch. Little information is currently available on the effects of lumbar correction on knee flexion in patients with the PI-LL mismatch. Methods. A group of patients with lumbar degenerative diseases were divided into PI-LL match group (PI-LL 108) and PI-LL mismatch group (PI-LL > 108). A series of radiographic parameters and knee flexion angle (KFA) were compared between the two groups. The PI-LL mismatch group was further subdivided into operative and nonoperative group. The changes in KFA with PI-LL were examined. Results. The PI-LL mismatch group exhibited significantly greater sagittal vertical axis (SVA), pelvic tilt (PT) and KFA, and smaller LL, thoracic kyphosis (TK), and sacral slope than the PI-LL match group. PI-LL, LL, PI, SVA, and PT were significantly correlated with KFA in the PI-LL mismatch group. From baseline to 6-month follow-up, all variables were significantly different in the operative group with the exception of PI, although there was no significant difference in any variable in the nonoperative group. The magnitude of surgical correction in the PI-LL mismatch was significantly correlated with the degree of spontaneous changes in KFA, PT, and TK. Conclusion. The PI-LL mismatch would contribute to compensatory knee flexion during standing in patients with lumbar degenerative disease. Surgical correction of the PI-LL mismatch could lead to a spontaneous improvement of compensatory knee flexion. The degree of improvement in knee flexion depends in part on the amount of correction in the PI-LL mismatch.
N ormal lumbar lordosis (LL) is essential for the low back to perform in a healthy manner. Patients with lumbar degenerative disease in elderly people are characterized by flat back with a significant structural and/ or postural reduction in LL, which is correlated with an increase in low back pain and a decrease in function. [1] [2] [3] [4] [5] There is a wide range of normal values of LL in adults, making it unreasonable to determine whether the lordotic curve is reduced in patients with lumbar degenerative disease depending only on the value of LL. 6 Pelvic incidence (PI) is a true morphologic parameter with a fixed value for each individual and has been shown to directly influence the shape and value of LL. 7, 8 PI minus LL (PI-LL) provides an assessment of the amount of disharmony between the patient's morphologic PI and corresponding LL. Patients with high PI will have a relative hypolordosis even in the presence of normal-appearing LL. Previous studies showed that the difference between PI and LL should be no more than 108 and that mismatch that exceed this limit had a direct correlation with disability and poor quality of life. 9 The mismatch between PI and LL, reflecting a relative reduction in LL, causes an anterior displacement of the axis of gravity and positive sagittal malalignment. It will lead to recruitment of compensatory mechanisms, including From the thoracic segment hyperextension, pelvic retroversion, and knee flexion, to restore equilibrium in the sagittal plane and maintain an erect posture and horizontal gaze. Unlike the widely reported thoracic and pelvic compensatory mechanism, to our knowledge, only a few studies have focused on knee flexion as a compensatory mechanism. [10] [11] [12] Several previous papers demonstrated that the knee flexion position, while standing was related to a decrease in LL on the sagittal plane radiographs. [12] [13] [14] In these studies, the subjects were mainly the elderly, especially elderly females. There is a general agreement that increasing age and female are both risk factors of developing knee problems and consequent knee flexion. [15] [16] [17] Degenerative comorbidities of the lumbar spine and knee are not uncommon clinical problems in this population. 18 Therefore, it may be difficult to distinguish knee flexion related to the PI-LL mismatch (decreased LL) from that secondary to knee problems without correlation to the PI-LL mismatch in elderly patients. In addition, it has been reported that other conditions such as tight hamstrings could lead to concurrent loss of LL and knee flexion. 19, 20 As for knee flexion associated with the PI-LL mismatch, it may be also difficult to determine whether the loss of LL is the primary factor 10, 12 or whether knee flexion is the initial factor. 13, 14, 21, 22 Lumbar correction and fusion surgery has been proven to restore adequate LL, reestablish PI-LL harmony, and spontaneously correct compensatory thoracic hyperextension and pelvic retroversion in patients with the PI-LL mismatch. 5, [23] [24] [25] Theoretically, knee flexion as another compensatory mechanism should be spontaneously corrected after lumbar surgery. However, to our knowledge, little information is currently available on the effects of lumbar correction and fusion surgery on knee flexion. The main purpose of the current study was to investigate the correlation between the PI-LL mismatch and knee flexion during standing in patients with lumbar degenerative diseases, and to examine the effects of surgical correction of the PI-LL mismatch on knee flexion.
MATERIALS AND METHODS

Study Participants
A total of 106 adult patients with lumbar degenerative disease were enrolled in the study. Study criteria required that all patients had the standing lateral radiographs of the spine and pelvis. Patients with lumbar spondylolisthesis, spinal tumor, infection, trauma, knee deformity (flexion contracture, genu varum, or valgum), or leg length discrepancy (>1 cm) were excluded. The study was approved by our hospital's institutional review board. Informed consent was obtained from all participants.
Radiographic and Anthropometric Measurements
The standing lateral radiographs were taken under identical conditions. These patients were instructed to stand relaxed with both knees in a spontaneous position and hands on the clavicles. All radiographic parameters were measured on digital radiographs using software tools built into a picture archiving and communication system. The parameters included the following: LL (the angle between the upper endplate of L1 and the upper endplate of S1), thoracic kyphosis (TK: the angle between the upper endplate of T5 and the lower endplate of T12), PI (the angle between the perpendicular of the upper sacral plate and the line joining the middle of the upper sacral plate and the hip axis), sacral slope (SS: the angle between the sacral plate and the horizontal line), pelvic tilt (PT: the angle between the vertical line and the line joining the middle of the upper sacral plate and the hip axis), and sagittal vertical axis (SVA: the distance between the C7 plumb line and posterosuperior border of S1). A standard, 2-arm goniometer (30 cm arms with 18 markings) was used for measuring knee flexion angle (KFA) in the position consistent with radiographic acquisition (Figure 1 ). One arm of the goniometer was placed parallel to the shaft of the femur (which was estimated from the location of the greater trochanter and the lateral femoral condyle), and the other arm was placed parallel to the shaft of the tibia (which was estimated from the fibular head and the lateral malleolus). Both lower extremities were separately assessed for each patient. The mean of the two measurements was considered as the value of KFA.
For the analyses, patients were divided into two groups on the basis of the values of PI minus LL: PI-LL match group (PI-LL 108) (n ¼ 61) and PI-LL mismatch group (PI-LL > 108) (n ¼ 45). Thirty-one of 45 patients in the PI-LL mismatch group were treated by lumbar correction and fusion with instrumentation (transforaminal lumbar interbody fusion performed in 25 cases and pedicle subtraction osteotomy in six cases), while the remaining 14 patients underwent conservative treatment because of mild to moderate symptoms, refusal of surgery, or surgical contraindications. The PI-LL mismatch group, therefore, was further subdivided into operative and nonoperative group. For patients with the PI-LL mismatch, the standing lateral radiographs were obtained again at 6-month follow-up. The radiographic and anthropometric data were reacquired using the above-mentioned methods.
Statistical Analysis
All parameters were measured twice by the same observer on two separate occasions and once by another observer to determine the intra-and inter-observer reliability, respectively. Intraclass correlation coefficients (ICCs) were used to statistically evaluate the reliability. The intra-and interobserver reliability of these measurements had an excellent agreement (ICCs between 0.82 and 0.98). Thus, measurements taken by one observer were used in the analyses. Statistical analysis was performed using Chi-square test, unpaired t test or Mann-Whitney U test to evaluate the differences between the two groups. In the PI-LL mismatch group, changes in outcome measures between baseline and 6-month follow-up were evaluated using paired t test. The correlation between the variables was examined using the Pearson correlation coefficient. Statistical significance was defined as P value <0.05. Statistically significant correlation coefficients were considered clinically significant only if !0.3. All data were analyzed using SPSS version 13.0 (SPSS Inc., Chicago, IL).
RESULTS
Comparison Between the PI-LL Match and Mismatch Group
There were 24 males and 82 females (mean age, 59.5 years; range, 39-80 years). No significant difference was noted in age, sex, or body mass index between the two groups. The PI-LL mismatch group exhibited significantly greater PI-LL, SVA, PT, and KFA, and smaller LL, TK, and SS than the PI-LL match group. There was no significant difference in PI between the two groups ( Table 1) . Results from the correlation analysis between the various radiographic parameters and KFA revealed that PI-LL, LL, PI, SVA, and PT were significantly correlated with KFA in the PI-LL mismatch group (Table 2) .
Comparison Between the Baseline and Follow-up Examinations
From baseline to 6-month follow-up, all variables were significantly different in the operative group with the exception of PI, although there was no significant difference in any variable in the nonoperative group (Table 3 ). The correction angles of PI-LL mismatch, knee flexion, thoracic curve, and pelvic retroversion were calculated in the operative group. The correlation analysis demonstrated that the magnitude of surgical correction in the PI-LL mismatch was significantly correlated with the degree of spontaneous changes in KFA, PT, and TK (Table 4) .
DISCUSSION
In the present study, we found that the PI-LL mismatch group had significantly greater KFA than the PI-LL match group. No significant difference was observed in age, sex, or body mass index between the two groups. We could thus eliminate the effects of these variables on KFA. Furthermore, there was a strong correlation between PI-LL and KFA in the PI-LL mismatch group, which is concordant with a previous study. 12 The results indicated that knee flexion was directly associated with the PI-LL mismatch in patients with lumbar degenerative disease. Further investigation regarding the operative group found restoration of harmony between PI and LL after lumbar surgery. Moreover, KFA was significantly reduced with the restoration of PI-LL harmony. On the contrary, LL, PI-LL and KFA did not change significantly from baseline to 6-month follow-up in the nonoperative group, indicating that knee flexion could not be spontaneously corrected without restoration of PI-LL harmony. The results showed that knee flexion was derived from the PI-LL mismatch (decreased LL), thus confirming the concept that knee flexion is a compensatory mechanism permitting to limit the consequences of lumbar hypolordosis. In the sagittal plane, shape and orientation of the spine, pelvis, and lower extremities are closely related and can mutually influence each other to maintain a balanced and stable posture with minimum of energy expenditure. 8 In patients with the PI-LL mismatch, compensatory mechanisms in other segments permit to shift the axis of gravity backwards and maintain an upright and balanced standing posture. Although these mechanisms may not be observed all together in the same patient, they are usually associated at different degree depending mainly on the stiffness of the spine, the musculature status, and the severity of the PI-LL mismatch. 1 Hypokyphosis of the thoracic spine can be observed more often in younger patients because it requires not only a flexible spine but also back muscle mass and strength. 26 Older patients often have a rigid thoracic spine and lack the muscular ability to counteract the flexion loading of the thoracic spine due to age-related back muscle degeneration or weakness, making it hard to reduce the magnitude of the thoracic curve. 1 In our study, the mean difference of TK between the PI-LL mismatch and match group was 7.18, which might be considered as an average compensatory reduction in TK of the PI-LL mismatch group. Therefore, the thoracic compensatory mechanism might be limited in these elderly patients.
When pelvic retroversion is used to maintain standing balance, the patient first completely extends his hips. However, the extension reserve of the hip is limited (usually equals 108). 27 In addition, reduced hip extension often occurs in the elderly because of hip joint stiffness or flexion contracture and/or weakness or fatigue of the muscles involved in hip extension. As hip extension reaches its limits, further pelvic retroversion can be obtained by flexing the knee joints to ensure that the center of gravity remains over the feet in the sagittal plane. 28 In our results, the strong correlation between KFA and PT confirmed that pelvic retroversion was directly associated with knee flexion. Interestingly, a recent study found a relatively constant KFA ratio of contribution from mild to severe PI-LL mismatch, showing early recruitment of knee flexion as a compensatory mechanism. 10 The knee joint is one of the determinants affecting the center of gravity of the human body. Besides pelvic rotation, knee flexion allow for a backward shift of the pelvis and trunk, which is a more efficient method to counteract the forward shift of trunk alignment, especially for severe PI-LL mismatch. 10 The biomechanical advantage of knee flexion adjusting the center of gravity is that the flexion angle required is less due to a longer lever arm. In addition, stability of the human body is also dependent on the height of the center of gravity. Knee flexion can lower the center of gravity of the body to provide a more stable posture during standing. 17 On the contrary, it is suggested that decreased LL reduced its shockabsorbing ability and thus the shock may be transferred to the lower extremities and particularly the knees. For decreasing the impact of the vertical forces, the knee joint's role as a shock absorber should be enhanced through increased KFA. A number of patients with the PI-LL mismatch need surgical correction to re-establish the spinal alignment. Several authors have proposed mathematical models and formulas to aid determining the amount of correction needed before surgery. 11, 29, 30 When making preoperative planning, the possibility and impact of compensatory mechanisms must be taken into account to predict postoperative sagittal alignment and decrease the risk for postoperative undercorrection. It has been suggested that standing lateral radiographs of patients should be made with the knees fully extended to eliminate the effect of compensatory knee flexion. However, this position may be difficult for patients with insufficient muscle strength or endurance or severe PI-LL mismatch to maintain without external support. 31 These patients are likely to still keep the knees in a flexed position when receiving the radiographs. Therefore, more attention should be paid to knee flexion to obtain sufficient correction and appropriate postoperative sagittal alignment. 11, 26 In our study, the spontaneous correction of thoracic curve and pelvic retroversion was observed postoperatively in the operative group, which is consistent with some previous reports. 5, [23] [24] [25] Furthermore, KFA was significantly reduced after lumbar surgery. The correlation coefficient demonstrated that the correction angle of knee flexion varied as the extent of correction in the PI-LL mismatch. These findings indicated that compensatory knee flexion could be spontaneously corrected with surgical correction of the PI-LL mismatch. Despite allowing for compensation of the anterior translation of the axis of gravity, knee flexion can result in some potentially adverse effects. In the previous studies, knee flexion was considered to be related to the longer duration of the knee pain 19 and a decrease in walking velocity and stride length. 32 The fully extended knee can bear weight without constant muscular energy expenditure. Compared with erect standing, a rapid rise in the quadriceps force is required to help the knee bear load and remain stable in the bent-knee posture. The increase in muscle activity may contribute to increased energy expenditure and more rapid muscle fatigue. 33 Collectively, knee flexion would reduce the overall knee function and the ability to stand and walk. Moreover, compressive forces on the tibiofemoral and patellofemoral joint surfaces increase with the increase in KFA during standing. 34, 35 The increased stress on articular cartilage and other joint structures is thought to lead to the initiation or progression of knee osteoarthritis. 36 There is also evidence of an increased risk of knee osteoarthritis in the population whose jobs require the knee in a flexed position. 37 In addition, knee flexion leads to further pelvic retroversion and an increase in PT, which correlates with increased pain and disability. With surgical correction of the PI-LL mismatch and consequent improvement of knee flexion, the risk of developing these adverse outcomes may be reduced. There was a strong correlation between the surgical correction angle of PI-LL and the spontaneous correction angle of knee flexion, showing that the better correction the PI-LL mismatch achieved, the more straight the knee became. Therefore, sufficient restoration of PI-LL harmony may be clinically important to avoid the adverse effects of knee flexion. A weakness of this study is that the accuracy of goniometric measurements may not be comparable to that of radiographic measurements. However, we did not attempt to determine the concrete values of knee flexion or a mathematical formula, but compared the difference of knee flexion between patients with and without the PI-LL mismatch and investigated the relative changes in KFA with PI-LL. Therefore, the accuracy of goniometric measurements may not alter the eventual outcomes. The other limitation is that it is still unknown whether knee flexion is correlated with the PI-LL mismatch in patients with knee deformity because they were excluded from this study. A future study will be expected to further elucidate this issue.
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CONCLUSION
The PI-LL mismatch would contribute to compensatory knee flexion during standing in patients with lumbar degenerative disease. Surgical correction of the PI-LL mismatch could be expected to lead to a spontaneous improvement of compensatory knee flexion. The degree of improvement in knee flexion depends in part on the amount of correction in the PI-LL mismatch.
Key Points
Knee flexion is a compensatory mechanism permitting to limit the consequences of the PI-LL mismatch during standing in patients with lumbar degenerative disease. Surgical correction of the PI-LL mismatch could lead to a spontaneous improvement of compensatory knee flexion.
